Biomaterials and Brain Repair {#sec1-1}
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The central nervous system (CNS) has a very limited capacity to regenerate, which makes it obligatory to search for new strategies for the treatment of CNS diseases (Tam et al., 2014). In particular the treatment of neurodegenerative conditions such as Alzheimer\'s disease (AD) and Parkinson\'s disease (PD) currently depends on symptomatic relief rather than regeneration strategies that would help to improve function or slow down the disease progression (Orive et al., 2009). The use of biomaterials provides new opportunities for protection and regeneration of the CNS (Miyata et al., 1992; Friess, 1998). Scaffolds and microspheres from various natural or synthetic biomaterials can be efficiently loaded with therapeutically active agents such as growth factors, anti-inflammatory substances, hormones, drugs or plasmids for gene delivery (Heya et al., 1994; Berthold et al., 1998; Dang and Leong, 2006; Garbayo et al., 2009). Thereby these scaffolds and micro/nanospheres provide application of relevant therapeutics in a localized manner, which minimizes unwanted side effects that are observed with systemic administration and enhances the effectiveness of the therapy (Zhong and Bellamkonda, 2008). Alternatively, they may be used to encapsulate genetically-engineered cells which secrete such molecules or stem cells that differentiate into desired specific cell types (Khaing et al., 2014).

Extracellular matrix (ECM) proteins are the key proteins for preparing biomaterials for tissue repair. ECM proteins have the advantage of interaction with cells directly *via* cell surface receptors or indirectly *via* other ECM molecules. Therefore, ECM proteins play a role in cell differentiation, cell attachment, migration, survival and proliferation (Heino, 2007). Some examples of ECM proteins that are commonly used in medicine for these purposes are natural biomaterials such as collagen I, alginate, chitosan or gelatin or synthetic biomaterials such as poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG). However, more and more ECM proteins are discovered and may become potent therapeutics. Such a protein is fractone, localized in the neurogenic niche, and it has been shown to capture growth factors and promote growth factor activity (Kerever et al., 2015). Further, collagen IV is the most abundant ECM protein in the basal membrane of the vasculature (50%) and considered to become an alternative biomaterial, alone or in combination with laminin (Brown and Thore, 2011).

Collagen as a Biomaterial {#sec1-2}
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Collagen is classified as a hydrogel, which are polymers that have the capacity of storing large amounts of water molecules. Hydrogels are of main interest for the repair of the CNS, as they can be conveniently placed into soft nervous tissue due to their matching mechanical properties (Hoare and Kohane, 2008; Khaing et al., 2014). Collagen recently has drawn interest for the CNS repair, as it is highly biocompatible, biodegradable and non-toxic. In addition to its natural advantages, collagen already has very diverse applications in medicine and science, such as bone and cartilage reconstruction, wound dressing, tissue engineering applications, drug/gene delivery and cell encapsulation systems (Lee et al., 2001). It can be processed into various forms depending on the purpose: from films and shields to sponges, gels or nanoparticles (Friess, 1998; Lee et al., 2001). Every year several metric tons of collagen and its degradation product gelatin are used for medical applications (Olsen et al., 2003).

Collagen is present in all mammals, found both in the intracellular and extracellular compartments, and constitutes 20--30% of all body proteins in humans (Friess, 1998). Currently there are 29 different types of collagen that are characterized, nevertheless type I collagen is the most abundant and widely used (Zeugolis and Raghunath, 2011). To date, there is great effort for the commercial large scale production of recombinant human collagen from yeast, insect cells and plants, in order to prevent lot to lot differences and impurities of extracted collagen, besides eliminating concerns of pathogen transmission from animal sources (Olsen et al., 2003). Recombinant collagen production also offers the possibility of conformationally or structurally modified collagens design to better suit the target tissue (Yang et al., 2004).

Collagen Scaffolds (CollScaff): Preparation and Application {#sec1-3}
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CollScaff are easily and rapidly generated using different chemical crosslinkers (**[Figure 1](#F1){ref-type="fig"}**) such as glutaraldehyde, formaldehyde or polyethyleneglycole (PEG), as well as physical treatment with dry heat and ultraviolet irradiation (Friess, 1998; Caliari and Burdick, 2016). CollScaff can be efficiently loaded with therapeutically active substances and release them in a degradation based fashion, in which the substance is released along with the degradation of the collagen (Foidl et al., 2018). Furthermore, these CollScaff can be modified to have desired properties such as thermorespondency, pH-respondency and increased or decreased rate of drug release depending on the degree of cross-linking (Hoare and Kohane, 2008; Caliari and Burdick, 2016). One of the major advantages of CollScaff is that they are injectable, which provides direct application to the target site of action rather than a systemic administration route (**[Figure 1](#F1){ref-type="fig"}**). These scaffolds then are formed *in situ* due to increased temperature in the body. As the bioavailability of many drugs to the brain is greatly restricted by the blood-brain barrier (BBB), injectable CollScaff may be a minimally invasive method of administration that provides local, controlled and prolonged release of the drugs with less systemic side effects. In addition to difficulties in passage through the BBB, most therapeutic molecules are unstable in the body and degrade rapidly before they reach their target (Popovic and Brundin, 2006). Application of these substances within CollScaff will prevent rapid degradation of the drugs before they reach the brain (**[Figure 1](#F1){ref-type="fig"}**). CollScaff can also be used as cell delivery systems that encapsulate progenitor stem cells which can differentiate into desired cell types or act as localized sources of growth factors to promote endogenous protection and repairing capacity of the CNS. Encapsulation of the cells with a matrix provides immobilization of the transplanted cells and provides more optimal microenvironment for the cells, which enhances their survival within the tissue (Khaing et al., 2014). Moreover, this method prevents tumor formation caused by uncontrolled growth of transplanted cells and does not require repeated interventions to refill the drug source (Popovic and Brundin, 2006).

![Therapeutic strategies to apply collagen scaffolds in Alzheimer\'s and Parkinson\'s diseases.\
Collagen scaffolds are prepared by mixing collagen with a crosslinker and loading a molecule or cell of interest giving a size of 0.5--1.5 mm. Collagen microspheres are much smaller (1--5 µm) but more complex to prepare. Collagen scaffolds may be applied directly into the brain by stereotaxic surgery or optimized blood-stable collagen scaffolds may be infused to reach the brain. In the brain degradation based release of the molecule over time may cause neuroprotection, neurorepair or neuroregeneration. Alternatively collagen stabilized cells can be applied. We suggest application of nerve growth factor (NGF)-releasing scaffolds or transplantation of NGF releasing cells to protect cholinergic neurons in Alzheimer\'s disease, or infusion of phagocytic cells to eliminate beta-amyloid plaques. In Parkinson\'s disease application of glial cell line-derived neurotrophic factor (GDNF) may protect dopaminergic neurons, or collagen stabilized stem cells may replace dopaminergic neurons, or alternatively collagen microspheres placed along the nigro-striatal pathway may stimulate neuroregeneration.](NRR-13-595-g001){#F1}

Micro/Nanospheres {#sec1-4}
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Hollow spheres of collagen can be prepared following different methods in micro or even nano-scales (**[Figure 1](#F1){ref-type="fig"}**). Microspheres allow larger amounts of drug encapsulation as they have a larger surface/volume ratio and they may be easier to apply *in vivo* by stereotaxic surgery into a precise location in the brain owing to their smaller size. One of these methods of production is the template method, in which collagen forms a shell around a stable microtemplate such as polystyrene or silica with the help of a crosslinker. The template is then removed chemically, leaving hollow collagen spheres with a uniform size, which can be loaded with molecules of interest. Collagen hollow spheres are useful to load large amounts of growth factors, such as nerve growth factor (NGF) (Kraskiewicz et al., 2013) or vascular endothelial growth factor (VEGF) (Nagai et al., 2010) without causing any toxicity *in vitro* and *in vivo*. Alternatively, collagen microspheres carrying oligodendrocyte progenitor cells support the cell growth and differentiation of progenitors into mature oligodendrocytes that can provide myelination *in vitro* (Yao et al., 2013). These results indicate that collagen microspheres can also be used as cell carriers in the nervous system.

Another promising approach for drug delivery to the brain is surface modified nanospheres that are administered to the blood stream, which provides passage through BBB without needing stereotaxic surgery. Surface modification in these spheres may provide recognition of the specific cell surface receptors that permits their transcytosis through BBB or modify physiological characteristics of the spheres (such as hydrophobicity and surface charge) in order to facilitate their passage over BBB *via* adsorption by endothelial cells (Wohlfart et al., 2012). By using this method, intravenously administered NGF was successfully delivered to brain within surfactant-coated nanospheres and provided improvement of cognitive functions in an AD model and motor functions in a PD model (Kurakhmaeva et al., 2009).

As the CNS injury and neurodegenerative conditions comprise of various complex pathophysiological events, release of multiple therapeutics from the same system at specific time points with individual releasing rates can be a valuable method. Microsphere/scaffold composites is an effective approach for achieving this goal, in which one therapeutic is encapsulated in microspheres and these microspheres are dispersed into a scaffold together with a second therapeutic. It was shown that in such a composite neurotrophin encapsulated into PLGA microspheres showed a long lasting slow release profile, while a neurotrophic factor loaded into PEG scaffold had a rapid release (Burdick et al., 2006). This method is very convenient for control of releasing properties for multiple drugs, in that the release rates can be adjusted by changing properties of microspheres or the scaffold, as well as changing concentration of loaded therapeutics or microspheres.

CollScaff and Neuroprotection {#sec1-5}
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Brain damage may occur due to acute events such as stroke and traumatic brain injury or progressive degeneration over long time periods due to neurodegenerative diseases. Although arising from distinctive etiologies and taking place at different times, all these conditions share certain common pathophysiologic phenomena, which eventually leads to cell death: oxidative stress, inflammation and apoptotic processes (Bamberger and Landreth, 2002; Bramlett and Dietrich, 2004; Dexter and Jenner, 2013). In these cases CollScaff can be used for preventing inflammation, excitotoxicity and oxidative stress with the aim of neuroprotection (**[Figure 1](#F1){ref-type="fig"}**). Besides, neurodegenerative diseases in general cause selective degeneration of specific populations of neurons in the brain; for instance while PD causes degeneration of dopaminergic neurons in substantia nigra, AD leads to degeneration of cholinergic neurons in nucleus basalis of Meynert (nBM). This provides an opportunity in terms of application of neuroprotective substances at a specific location with close proximity to the related brain area. Glial cell line-derived neurotrophic factor (GDNF), brain-derived growth factor (BDNF) and NGF are promising neuroprotective proteins in preclinical and clinical trials for PD and AD, respectively (Williams et al., 1986; Lin et al., 1993; Allen et al., 2013). Phase I--II study of intraventricularly injected GDNF over 8 months to patients with PD did not show any efficacy, besides caused a wide range of adverse events following GDNF administration; most likely because GDNF failed to reach the target regions of the brain (Nutt et al., 2003). On the contrary, in a phase I trial of NGF gene therapy for 10 patients with AD, application of NGF secreting autologous fibroblasts directly to the nBM provided improvement in the disease progression, as well as clear demonstration of a response to NGF with post-mortem analysis of enrolled patients (Tuszynski et al., 2005, 2015). These results highlight the importance of novel drug delivery methods in order to provide a localized administration of trophic factors to the target regions.

Furthermore, it was noted that the most significant effect was observed when GDNF was delivered continuously in PD (Popovic and Brundin, 2006). Although this can be achieved by osmotic pumps, these systems require invasive surgery for implementation and regular replacement of the drug reservoir (Jain et al., 2006). Therefore, the use of CollScaff that provide sustained release of such growth factors over extended periods of time would be beneficial in neurodegenerative diseases. Current research in our laboratory is in the scope of the EU project BrainMatTrain and focuses on the neuroprotective effects of GDNF releasing CollScaff on dopaminergic neurons in PD. In AD models, we have previously shown that NGF releasing CollScaff protect cholinergic neurons in an *ex vivo* model (Foidl et al., 2018). Alternatively, CollScaff loaded with beta-amyloid degrading enzymes may be potent to eliminate the toxic plaques in the brain (**[Figure 1](#F1){ref-type="fig"}**).

CollScaff and Neuroregeneration {#sec1-6}
===============================

Currently collagen is widely used in FDA approved nerve conduits (NeuraGen^®^, NeuroFlex^®^ and NeuroMend^®^) and nerve cuffs (NeuroWrap^®^ and NeuroMend^®^) with different degredation rates ranging from months to years for peripheral nerve tissue repair. They were shown to successfully support and guide neuroregeneration across nerve gaps up to 2--3 centimeters in the peripheral nervous system injuries (Taras et al., 2011; Khaing et al., 2014). Furthermore, hydrogels can be used as bulk scaffolds to fill in lesions in the CNS that are formed due to tissue damage after traumatic brain injury or spinal cord injury in order to provide mechanical support and a favorable microenvironment for axon sprouting and cell infiltration (Zhong and Bellamkonda, 2008; Orive et al., 2009). Injectable agarose gel loaded with BDNF releasing lipid microtubules was shown to support axon growth through an irregular shaped cavity and reduced inflammatory response in spinal cord injury (Jain et al., 2006). However, agarose has a lower gelling temperature (17°C) and requires a cooling system when applied to the body (Jain et al., 2006). In this respect collagen can be superior, as it can form a gel *in situ* at the body temperature (Pakulska et al., 2012).

In PD dopamine cell death in the substantia nigra leads to degeneration of nigro-striatal axons. Therefore, regeneration of this nigro-striatal pathway (**[Figure 1](#F1){ref-type="fig"}**) is of interest in Parkinson´s disease, where collagen microspheres may be a useful method of drug delivery. Indeed, firstly dopamine loaded microspheres injected to striatum were shown to provide fiber growth in striatum and correlating functional recovery (McRae and Dahlström, 1994). More recently Jollivet et al. (2004) demonstrated that intra-striatal implantation of GDNF releasing microspheres promoted sprouting in the dopaminergic nerve fibers, besides motor function recovery in a rat model of Parkinson\'s disease. Similarly in AD, Péan et al. (2000) showed that microspheres loaded with NGF enhanced the survival of axotomized cholinergic neurons. Thus, collagen microspheres can be used in a similar manner to provide safe and efficient delivery of these growth factors to the brain tissue to promote neuroregeneration but are also considered as a regenerative approach in spinal cord lesions (Joosten et al., 1995). Furthermore, GDNF loaded CollScaff encapsulating ventral mesencephalon grafts improved dopaminergic cell survival 5-fold and striatal re-innervation 3-fold in a rat model of Parkinson\'s disease, as well as providing significant functional recovery (Moriarty et al., 2017). CollScaff functioned to retain the GDNF in striatum to support dopaminergic cell survival, formed a physical barrier against host immune system and facilitated cell adhesion (Moriarty et al., 2017). This strategy holds the promise of improving graft survival for stem cell transplants in the future for cell replacement therapies in neurodegenerative disorders, for which collagen is an ideal candidate of biomaterial.

Conclusions {#sec1-7}
===========

Better understanding of collagen interactions with other ECM molecules and cell receptors, as well as the cellular pathways they take part in, will lead to better regulation of cellular processes and precise control over interactions of the material with the environment (An et al., 2016).

CollScaff and collagen microspheres loaded with therapeutic factors have a great potential in the safe and efficient treatment of various neurodegenerative conditions and other CNS disorders such as stroke and traumatic brain injury. This method of drug delivery may be used for application of multiple drugs, such as combinations of growth factors and anti-oxidant substances against neurodegeneration. Additionally, surface modified collagen nanospheres can be systemically administered and used to target the brain without an invasive severe stereotaxic surgery. It is certain that despite the excellent natural properties of collagen, side effects of these systems such as possible gliosis must be considered and evaluated carefully in preclinical trials before entering clinical trials. Nevertheless, collagen as a natural biomaterial presents remarkable opportunities in terms of both repair and regeneration of the CNS, which are worth to be investigated.
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